Due to the 11 March 2011 Tohoku earthquake, massive radioactive materials were released from the Fukushima Daiichi Nuclear Power Plant (Fukushima NPP). It is crucial to predict the regional distribution and magnitude of the effects on wildlife by radioactive materials. However, during the post-accident early stage in 2011, limited information on large-scale pollution and prediction maps was open to public. Hence, this paper aimed to provide (1) the pollution map covering areas within 300 km from the Fukushima NPP where the radiation intensity exceeded 0.5 µSv/h, (2) pollution maps which predicted air dose for the next 30 years after the accident, and (3) maps of areas where wildlife might be affected by radioactive isotopes by the Fukushima nuclear accident. First, the relative contributions of 131 I, 134 Cs, and 137
INTRODUCTION
Following the 9.0 magnitude Tohoku earthquake and tsunami on 11 March 2011 and the accident at the Tokyo Electric Power Company (TEPCO) Fukushima Daiichi (No. 1) Nuclear Power Plant (NPP), radioactive material was released into the environment (Science Council of Japan, 2011 Cs were released into the ocean (Science Council of Japan, 2011). SPEEDI was designed to predict radioactive material concentrations in the environment rapidly after a large release based on emission source data, while considering topography and wind and rain measurements (Science Council of Japan, 2011) . According to the Nuclear and Industrial Safety Agency (NISA), the total amount of radioactive material released into the atmosphere was about 10% of that released from the Chernobyl accident in 1986 (Science Council of Japan, 2011). As of 17 August 2011, people within a 1,595 km 2 area were urged to evacuate or to be ready for emergency evacuation.
Based on calculations of the radiological dose received by forest and marine biota within 30 days of the Fukushima nuclear accident, radioactive material from the accident affected forest and coastal ecosystems during that period (Garnier-Laplace et al., 2011) . Since mammals are the most sensitive group to radiation exposure, while invertebrates and simpler organisms are relatively insensitive (Beresford and Copplestone, 2011) , radioactive material from the accident could continue to affect vertebrates. It is crucial to predict the regional distribution and magnitude of the effects on vertebrates by radioactive materials.
However, in the post-accident early stage, whole Japan including the government of Japan, TEPCO, and Japanese citizens fell into a state of chaos. Hence, crucial information regarding radioactive materials, e.g. the spatial distribution and magnitude of pollution level, was kept quiet. For instance, although SPEEDI was implemented and operated for the purpose of predicting radioactive material concentrations in a spatially-explicit manner, the results of calculation by SPEEDI were not used for decision of evacuation. Also, it took time to open information of calculation by SPEEDI to public. In the post-accident early stage in 2011, only a single pollution map of a limited area was available opened by MEXT (2011) , while no predicted pollution map was available. We are not radiation experts. Nevertheless, in such a chaos, we believed that we should take an initiative for opening information regarding spatial distribution and magnitude of pollution level of radioactive materials because Research Institute of Environment and Information Sciences of Yokohama National University is a well-known institute for risk assessment for the ecosystem. We also believed that this kind of research activities would contribute to the society and stimulate disclosure of information by other organizations. Hence, Fumito Koike headed up research on "Forecasting radiation effects on wildlife in Japan after the Fukushima nuclear accident." The research team members were composed on Masayuki SAITO, Tomoko DOKO, and Fumito KOIKE from Yokohama National University. Since there was no research budget for this project, we started a volunteer-based research project in order to predict radiation effects on wildlife due to Fukushima nuclear accident. Using time period and data from March to June 2011, we completed all analysis and opened results through http://vege1.kan.ynu.ac.jp/lab/nc/ (individual website of Fumito Koike, Yokohama National University) on 23 July 2011. The current work presented in this paper is a summary of the research project and hence it relied on limited information of post-accident early stage from March to June 2011.
This study examined the spatial distribution of radiation effects on vertebrates for 30 years after the Fukushima nuclear accident. First, we estimated the magnitude of the current regional distribution of influences and calculated a 30-year prediction, for which large-scale pollution and future prediction maps were necessary. We prepared a large pollution map covering areas where the radiation intensity exceeded 0.5 µSv/h. The relative contributions of 131 I, 134 Cs, and 137 Cs were estimated from time series data. The map of pollution changes over 30 years was calculated based on the half-lives of these isotopes.
Our work priority was efficiency at that time; we attempted to open the calculate results as soon as possible to meet public demands. We believe that when there is not sufficient information, we first need to rely on limited information of postaccident early stage and need to conduct prediction with simple assumption. In a later period, when more information will be available, prediction could be improved. Hence, to understand assumption we used for the further analysis in this study is crucial. This paper has following assumptions.
Changes in high pollution areas, where chronic radiation significantly affected vertebrates, were predicted using the threshold dose rate proposed by Sazykina et al. (2009) , based on accidents in Russia and experiments. We considered the effects of chronic radiation on morbidity, reproduction, and longevity. In this study, acute effects were not considered, as areas > 1 mSv/h were likely limited to within 1 km of the NPP. Furthermore, genetic effects from lower doses were not evaluated, as they have not been studied well in wildlife.
In this paper, we did not distinguish between external doses and internal ones due to following reasons. The spatial distribution of radiation intensity around and inside an organism, and ultimately within a cell, is vital in determining the dose. In general, humans live in low radiation environments and have low body doses. High-dose foods are sometimes consumed, and hence the dose coefficient is useful in estimating the cumulative dose for individuals. On contrary, some wild animals inhabit environments under high levels of radiation dose and always eat high-dose foods. Because isotope equilibriums are thought to form within animals as well as their ecosystem, one informative measure is the radioactive isotope concentration in organisms and the transfer factor, organism radiation/soil radiation, is a useful property. However, these values have not been determined well in Japan. Dose coefficients, the cumulative human dose/isotope concentration in food, are used to estimate human internal doses, but measuring the dose coefficients of various ecosystem components, including water, leaves, fruit, and prey, for multiple wildlife with varying food habits, including carnivory, insectivory, herbivory, frugivory, detritivory, and omnivory, is infeasible. Instead, we assumed that radiation intensity distribution in animals and the surrounding atmosphere are spatially even, in order to respond promptly to emergent information needs regarding ecological consequences of the Fukushima nuclear accident. Since the accident, air radiation measurements have been usually conducted close to soil surface, we considered the air radiation measurements are more or less equivalent to the radiation intensity to the ecosystem. This paper aimed to provide (1) the pollution map covering areas within 300 km from the Fukushima NPP where the radiation intensity exceeded 0.5 µSv/h, (2) pollution maps which predicted air dose for the next 30 years after the accident, and (3) maps of areas where wildlife might be affected by radioactive isotopes by the Fukushima nuclear accident, using limited information of post-accident early stage.
MATERIALS AND METHODS

Estimation of the contribution ratio of radionuclides
After the Fukushima nuclear accident, many organizations began monitoring air radiation dose rates and opened data to public inspection through websites. However, at many of these "temporal" monitoring locations, air radiation dose was often measured merely once or a few times. Thus, the contribution ratio of radionuclides at the initial dose rate needed to be estimated first. Hence, we obtained dose measurement data from 49 localities at "fixed" monitoring locations in Fukushima, Ibaraki, Tochigi, and Kanagawa Prefectures from 15-18 March until 30 June 2011. In these fixed monitoring sites, air radiation doses are continuously and regularly collected, and even before this nuclear accident these facilities have been operated. We calculated mean value of radiation dose and converted its unit to µSv/h. The main radionuclides discharged into the atmosphere were 131 I, 134 Cs, and 137 Cs (Science Council of Japan, 2011) which have half-lives of 8.02, 753.8, and 11,012 days, respectively. Thus, the initial dose rate contribution ratio of nucleotides on 15 March 2011 should be calculated using the difference in their half-life by the equation (1) 
where y is the dose rate (µSv/h) which was continuously measured from immediately after the accident (around 15 March 2011) to 30 June 2011; and t is the number of days elapsed from the start (15 March 2011).
As for the intercept, we adapted 0.05 µSv/h, which is the average value of Japanese background terrestrial radiation dose rate, according to UNSCEAR (2000) . The "nls" function in R 2.11.1 software (R Development Core Team, 2010) was used to apply a nonlinear model for determining the nonlinear least-squares estimates of the parameters. Cs were both 0.1, and used these calculated contribution ratios to predict the future air dose rate. Hence, we determined the contribution ratios of 131 I:
134
Cs: 137 Cs=8:1:1.
The air radiation dose rate prediction
In order to predict future air radiation dose rate, we obtained a dose measurement data for four months after the accident from websites of the TEPCO, the Ministry of Education, Culture, Sports, Science, and Technology (MEXT), local governments, and Fukushima University. In total, 11,824 localities, which have geographical coordinates (latitude and longitude) and air radiation dose rates, were collected (Fig. 1) . Units of these dose rates were converted to µSv/h. Cesium, with a much greater halflife than 131 I, is an important source of radiation. Since positive Cs ions are attracted to negatively charged clay particles in soil, Cs was assumed not to have secondary movement over a large spatial scale. Based on the measured air radiation dose rate and estimated contribution rate and half-life of the nuclide, the air radiation dose rate from 1 April 2011 to 1 April 2041 was predicted. First, we converted the dose rate at each time logarithmically. Next, we conducted spatial interpolations using the inverse distance weighted method (IDW: Watson and Philip, 1985; Burrough and McDonnell, 1998) using ArcMap ® 9.3 (ESRI). The IDW interpolation technique determines cell values using a linearly weighted combination of sample points. The target area was set as the area within a 300-km radius of the Fukushima NPP. Finally, the air dose rate prediction map was made by converting the anti-logarithm of the space interpolation value. The area (km 2 ) above each radiation intensity level (≥ 0.5, 1, 5, 10, 50, 100 µSv/h) and the maximum distance (km) from the Fukushima NPP were computed by ArcMap ® 9.3. 
Radiation effect map for vertebrates
Radiation can have acute or chronic effects. Since acute effects would most likely be limited to near the Fukushima NPP, we did not examine them. Rather, we forecasted chronic effects on vertebrates exposed to radiation over several generations. Details of the effects of radioactive material on ecosystems are not yet available. Moreover, how cumulative dose of radioactive material have an effect on various species or organism organs is unknown. Therefore, in this study, we assumed that all environments, including soil and organisms, experienced the same dose rate. Hence, the air radiation dose rate was assumed to be almost similar to the one for the wildlife exposure, although it is considered rough approximation.
First, based on above-mentioned air radiation dose rate prediction, we computed the mean value of the predicted air dose rate over 20 days, which corresponds to the pregnancy period of the large Japanese field mouse, Apodemus speciosus (Ohdachi et al., 2009) . There was considerable variation in the data collected in the beginning 20 days after the accident (265 points in total, 15 March -3 April 2011), due to radioactive noble gases and rainfall. Therefore, these observed values were used to calculate the mean value, for this period, as an exception. Additionally, values within 20 km of the Fukushima NPP and other missing values were interpolated using predicted values due to lack of accurate observed values. In order to simplify the prediction, we used the 20 days pregnancy period in this study. However, to have more robust prediction for future work, it is recommended to consider chronic long-term exposure all over life span and across multiple generations. This contribution has been peer-reviewed. doi:10.5194/isprsarchives-XL-2-13-2014effects were categorized into three endpoints: morbidity, reproduction, and longevity. We adopted a 5% threshold dose rate (TDR5) for radiation effects in vertebrates under chronic low-LET exposures, which was calculated based on the bootstrap method by Sazykina et al. (2009) . The proper unit to express dose rate for non-human species is the Gy per unit time and the Sv is a risk metric dedicated to human radioprotection. However, because dose rate was often measured in Sv, the units of the TDR5 values were converted into µSv/h. TDR 5 were expressed as 5. 8-13.3, 12.5-23.8, and 32.9-54 .2 µSv/h for morbidity, reproduction, and longevity, respectively.
Lastly, we made three forecast maps for radiation effects by drawing contour lines using the thresholds for the three endpoints on the 20-day mean dose rate map. The predicted area (km 2 ) of radiation effects on vertebrates and the maximum distance (km) from Fukushima NPP were computed by ArcMap ® 9.3.
RESULTS AND DISCUSSION
The predicted air radiation dose rate on 1 April 2011 was high near and northwest of the Fukushima NPP, with severe locallydistributed high dose rate near Namie and Iitate (Fig. 2) . The area where radiation exceeded 5 µSv/h covered 756 km 2 , and extended as far as 58.3 km from the NPP ( Table 1 ). The area exceeding 1 µSv/h covered 5,332 km 2 (Table 1) . Lower dose level at locally-distributed area, where radiation exceeded 0.5 µSv/h, were widely distributed over 5,332 km 2 , southwest to the border of Nagano and Gunma prefectures 256 km from the NPP, southwest to northern Chiba prefecture 209 km away, and north to southern Iwate prefecture, 197 km from the NPP. The predicted air radiation dose rate in severe locally-distributed area near Namie and Iitate after 30 years was > 1 µSv/h over 578 km 2 (Table 1) , although the dose rate will diminish over time because the half-life of 137 Cs is about 30 years.
After the Fukushima nuclear accident, wildlife northwest of the Fukushima NPP likely experienced negative effects on morbidity, reproduction, and longevity, from radioactive material (Fig. 3) . The greatest extent of the impact was on morbidity, which affected a 350 km 2 area, up to 42.3 km from the NPP, followed by the impacts on reproduction, which affected a 156 km 2 area, up to 33.4 km from the NPP, and longevity (18 km 2 , up to 22.5 km from the NPP), on 1 April 2011 (Table 2) .
Near the Fukushima NPP, all radiation effects were expected to remain for 30 years. Moreover, in the northwest region, effects on morbidity were expected to last for 30 years in a 15.5 km 2 area, extending up to 5.28 km from the NPP, and effects on and reproduction were expected to last in a 6.25 km 2 area, extending up to 3.4 km from the NPP, although the extent of the effects was predicted to decrease over time (Table 2 ). Figure 3 . Radiation effect maps for morbidity, reproduction, and longevity in vertebrates subject to chronic exposure around the Fukushima NPP. We drew the contour lines using the 5% threshold dose rate estimation (TDR5) and 95% CI of the thresholds suggested by Sazykina et al. (2009) on a map of the 20-day mean air dose rate.
We evaluated radiation effects at an individual level, but did not examine the population effects. Individual longevity and reproduction, i.e., the number of offspring from one female, are important parameters in population studies. Morbidity indirectly affects populations by affecting longevity, reproduction, and immigration activity in meta-population processes. Populationlevel performance would likely decrease in areas with diminished reproduction or longevity. The estimated area of such effects was 156 km 2 in April 2011, 12.8 km 2 after 10 years, and 6.25 km 2 after 30 years (Table 2) .
Animal abundance in natural ecosystems is not only determined by longevity and reproduction. Other factors determine local abundance, including resource competition, predation, and immigration. Natural immigration from surrounding lowpollution areas may obscure radiation damage. Since a narrow area was expected to experience population damage from the Fukushima accident, with a maximum width of 6.5 km in April 2011, 2.8 km after 10 years, and 1.9 km after 30 years (Fig. 3) , birds and large mammals can easily immigrate to the area (Olival and Higuchi, 2006; Ohdachi et al., 2009 ).
According to the government, humans were evacuated or were ready to evacuate from a wider area of about 1,600 km 2 within 20 km of the Fukushima NPP and its surrounding high-radiationdose zone to avoid health risks, such as cancer, induced by lowlevel radiation (NISA, 2011; Science Council of Japan, 2011) . Moreover, the government recommended evacuating humans in areas where radiation was estimated to exceed 20 mSv/year, approximately 2.3 µSv/h (NISA, 2011). However, it is not likely that wildlife longevity and reproduction will be affected at these human evacuation threshold levels. After human evacuation, the traditional rural Japanese landscape of scattered forests and abandoned croplands became suitable habitat for large animals, including wild boar, Sus scrofa, and sika deer, Cervus nippon (Miyashita et al., 2007; Saito et al., 2012) ; therefore radioactive materials may have had indirect positive effects on animal abundances by removing human pressures (Baker and Chesser, 2000; IAEA, 2006) . If the wild boar and sika deer populations increase, crop damage (Saito et al., 2011) in areas surrounding the evacuation zone and grazing damage in natural ecosystems (Takatsuki, 2009 ) could become a concern in Fukushima.
These factors could obscure the negative effects of radiation, making it difficult to detect the detrimental effects on large animal abundances, except for species with low dispersal and radiation sensitivity.
The chronic effects on animal abundance following the Chernobyl accident are controversial (Beresford and Copplestone, 2011; Garnier-Laplace et al., 2011) . In forest sites around the Chernobyl NPP, mammal, bird, and invertebrate abundances decreased with increasing radiation (Møller and Mousseau, 2007; 2009; . However, the chronic effects on abundance are obscure, except for individual level damages (Beresford and Copplestone, 2011 was not reduced in most radioactive sites around the Chernobyl NPP (Baker et al., 1996) .
A monitoring system to verify various outcomes should be constructed immediately for the Fukushima accident, and early period radiation monitoring is especially crucial to clarify the biological effects of the released radioactive material (Geras'kin et al., 2008 ).
This study is based on the assumption that dose rate, to which wildlife is exposed, is equivalent to the external air dose rate. Hence, the contribution of the internal dose rate due to the incorporation of radionuclides by biota is ignored; the huge variability of absorbed dose rates between species for the same medium concentration is also not taken into account. Moreover, depending on the exposure scenario, the internal contamination may constitute the major contributor to the total dose rate (e.g. Beresford et al., 2008) . Therefore, the results reported by the present study may have a possibility to underestimate the absorbed dose rate and the risk for small mammals. In reality, internal exposure is considered to play an important role in irradiation of non-human biota, especially in the remote period.
Hence for assuring more robustness in the prediction, authors recommend assessing the transfer factors soil/biota for example by using ERICA tool (Brown et al., 2008 , Garnier-Laplace et al., 2011 , Wood et al., 2008 for further study. Also, we are aware that the proper unit to express dose rate for non-human species is the Gy per unit time and the Sv is a risk metric dedicated to human radioprotection. As we relied on the information of postaccident early stage in 2011, majority of information was expressed in Sv. Hence, the units of the TDR5 values were converted into µSv/h. For future studies, we recommend to use Gy for evaluating radiation pollution risk for non-human species.
